Objective: Mutations of the KCNQ2 gene, which encodes the K v 7.2 subunit of voltagegated M-type potassium channels, have been associated with epilepsy in the neonatal period. This developmental stage is unique in that the neurotransmitter gamma aminobutyric acid (GABA), which is inhibitory in adults, triggers excitatory action due to a reversed chloride gradient. Methods: To examine whether KCNQ2-related neuronal hyperexcitability involves neonatally excitatory GABA, we examined 1-week-old knockin mice expressing the K v 7.2 variant p.Tyr284Cys (Y284C). Results: Brain slice electrophysiology revealed elevated CA1 hippocampal GABAergic interneuron activity with respect to presynaptic firing and postsynaptic current frequency. Blockade with the GABA A receptor antagonist bicuculline decreased ictal-like bursting in brain slices with lowered divalent ion concentration, which is consistent with GABA mediating an excitatory function that contributes to the hyperexcitability observed in mutant animals. Significance: We conclude that excitatory GABA contributes to the phenotype in these animals, which raises the question of whether this special type of neurotransmission has broader importance in neonatal epilepsy than is currently recognized.
generation. 9 Within the telencephalon, M-channels subserve an important role in neuronal inhibition, as they control c-aminobutyric acidergic (GABAergic) interneurons that extend to the hippocampus. 10 Alterations of the KCNQ2 gene have been reported to reduce M-current (I M ) by 20-90% in BFNE and EIEE7, 11 prompting the suggestion that I M reduction in principal neurons may contribute to seizure susceptibility in BFNE and EIEE7. 12 To better understand why KCNQ2 mutation-mediated dysfunction of M-channels leads to neuronal hyperexcitability, various groups have introduced epilepsy-associated Kcnq2 variants into mice, which resulted in increased vulnerability to electroconvulsive treatment (maximal electroshock as well as 6-Hz stimulation) 13 and drug-induced seizures. 14, 15 Truncation 16 or removal 9, 17 of the Kcnq2 gene in mice lowered the seizure threshold in adult heterozygotes, but led to death within hours after birth due to pulmonary malformation in homozygotic knockouts.
Both BFNE and EIEE7 begin in the neonatal period. This developmental stage is unusual, because it marks a time during which GABA neurotransmission temporarily becomes excitatory. The temporal expression profiles of two chloride transporters provide the physiological underpinning for this special type of GABA action. In immature neurons, the sodium-potassium-chloride cotransporter NKCC1 is highly active, importing and elevating intracellular chloride. The inwardly directed chloride concentration gradient is, hence, less steep, right-shifting the Cl À reversal potential to a value that is depolarized relative to the resting membrane potential. In this scenario, activation of GABA A receptors generates chloride efflux that is excitatory, because negative charge leaves the cell. As development continues, the chloride import of NKCC1 is gradually overpowered by increasing expression of the K-Cl transporter KCC2, which moves chloride in the opposite direction, establishing a Cl À reversal potential that is hyperpolarized compared to the resting membrane potential. Activation of the same GABA A receptors, therefore, now results in chloride influx, which polarizes the cell as negative charge enters, producing the inhibitory effect more commonly associated with GABA. 18 The excitatory action of GABA early in development sets the stage for a theoretical scenario where elevated GABA could push principal neurons into deviant, proconvulsive behavior. 19 We therefore hypothesize that abnormal GABA neurotransmission contributes to early onset KCNQ2 epilepsies. To clarify the impact of M-channel dysfunction on the GABAergic system, we electrophysiologically analyzed interneuron firing and GABA release onto CA1 hippocampal pyramidal neurons in neonatal mice carrying the Kcnq2-Y284C substitution.
Methods

Animals
All genetic modifications and experimental procedures involving animals were approved by the Fukuoka University Ethical Committee, and were conducted in accordance with the Fukuoka University Guidelines of the Committee for Animal Care and Use. Every effort was made to minimize the number of animals used and to avoid suffering of any kind. The total number of animals used was 176.
The generation of the Kcnq2 Y284C mutant mouse strain is described in a previous study 14 ; C57BL/6J congenic animals were used in this study. To obtain heterozygous (Y284C/+) and homozygous (Y284C/Y284C) offspring, heterozygous males were mated with wild-type and heterozygous females, respectively. All the mice used in this study possessed the vesicular GABA transporter (VGAT)-Venus transgene, and these mice specifically expressed Venus fluorescent protein in GABAergic neurons under the control of the mouse VGAT promoter. 20 Breeding was done in-house at the Fukuoka University Animal Center under a 12-h light/dark cycle. Pregnant females were isolated until parturition (postnatal day 0 [P0]) and housed with their pups until the day of the experiment.
Genomic DNA was extracted from tail snips using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich). Genotyping used targeted polymerase chain reaction (PCR) amplification of a 176-bp region of the Kcnq2 gene intron 5, which was extended to 214 bp by lox insertion in the mutant allele. The amplicons were electrophoresed using a 2% agarose/TAE gel (Fig. S7) . The zygosity of the Venus gene in mice was determined by realtime quantitative PCR.
Real-time quantitative PCR
Neonatal mice were deeply anesthetized with pentobarbital sodium (50 mg/kg, intraperitoneal [i.p.]) and beheaded to collect the brain. Following a short wash with 4°C/ 0.22 lm-filtered 0.1 M phosphate-buffered saline (PBS), the hippocampus was isolated, flash-frozen in liquid Key Points • Early onset epilepsies associated with KCNQ2 gene mutations are currently attributed to dysfunction of Mtype potassium channels in pyramidal neurons
• We have collected evidence supportive of M-channels contributing to neuropathophysiology in GABAergic interneurons
• One-week-old mice expressing an epileptogenic Kcnq2 gene mutation revealed facilitated firing of GABAergic interneurons leading to increased GABA release onto pyramidal neurons in the CA1 region of the hippocampus
• Epileptic burst firing evoked by low extracellular
Mg
2+ was suppressed by a GABA A receptor antagonist, suggesting involvement of the GABA network in neonatal epilepsies nitrogen, and stored at À80°C until further processing or immediately homogenized with a BioMasher (Nippi, Ibaragi, Japan) at 13,000 g/4°C for 30 s. Total RNA was extracted from the homogenate with Sepasol-RNA I Super G solution (Nacalai Tesque, Kyoto, Japan) and trichloromethane. After precipitation with 2-propanol, the RNA was rinsed with 75% ethanol, vacuum-dried, dissolved in diethyl pyrocarbonate-treated water, and used as template for reverse transcription (RT) with SuperScript VILO Master Mix (Life Technologies, Japan) according to the manufacturer's instructions. The resulting cDNA was used in quantitative real-time RT-PCR to measure the Kcnq2 gene copy number and the level of mRNA expression using SYBR Premix Ex Taq II polymerase (Takara, Japan) and a LightCycler 480 Instrument II (Roche Diagnostics, Switzerland) using standard cycling conditions according to the manufacturer's protocol. The crossing point for each reaction was calculated by the second-derivative maximum method 21 and normalized to simultaneously processed housekeeping genes Ywhaz, Taf1a, or Gapdh. Details on the primers used for this analysis are provided in the Supporting Information (Table S1 ).
Immunohistochemistry
Mice were deeply anesthetized with pentobarbital sodium (50 mg/kg, i.p.), and perfused intracardially with fixative consisting of 4% (wt/vol) paraformaldehyde in 0.05 M PBS and 0.05 M sodium citrate (adjusted to pH 7.4 with citric acid). Next, the mice were beheaded, and the brains were excised and fixed for 24 h prior to storage in 20% sucrose (wt/vol) at 4°C for several days. Brains were trimmed and cut into 10-20-lm coronal or transverse sections using a Leica CM3050 S cryostat at À15°C. The slices were mounted on MAS adhesive-coated slide glass (Matsunami Glass) and treated with 95°C citrate buffer (0.1 M, pH 7.4) for 10 min to activate antigens. This was followed by block with 1% (vol/vol) bovine serum albumin dissolved in PBS and 0.5% (vol/vol) Triton X-100, and incubation with primary antibodies against K V 7.2 (Abcam, #ab22897 at 7.2 lg/mL or Acris Antibodies, #SP5352P at 1-10 lg/mL) and green fluorescent protein (Abcam, #ab13970, 10 lg/ mL) at 4°C overnight. Secondary labeling employed antirabbit (Alexa Fluor 546 or Cy3) or antichicken antibodies (Alexa Fluor 488, Life Technologies, Eugene, OR) at room temperature for 2 h. The sections were incubated at room temperature with 4 0 , 6-diamidino-2-phenylindole dihydrochloride (1 lg/mL; Dojindo) for 10 min to stain nuclei. Imaging was done with an Olympus FluoView FV1000 confocal laser scanning microscope or a Keyence BZ-9000 or BZ-X700 inverted microscope.
Acute brain slice preparation
Mice were deeply anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and beheaded, and the brains were transferred into chilled sherbet cutting solution (in millimolars: 
Electrophysiology
Electrophysiological recordings employed an Olympus BX51WI upright microscope equipped with an ORCAFlash2.8 CMOS sensor camera (Hamamatsu Photonics, Japan). A brain slice was placed in the recording chamber perfused with thermostatic (32 AE 1°C) aCSF or recording solution at 1-2 mL/min on a Narishige ITS2-O isolation stage. Venus fluorescence and infrared-differential interference contrast images were acquired through a 940 waterimmersion objective (LUMPlanFI/IR2; Olympus). Excitation for fluorescence was accomplished through 460-480-nm stimulation (U-MGFPHQ mercury burner; Olympus) and bandpass collection of emissions between 495 and 540 nm through a 485-nm dichroic mirror. The signal was processed with Hamamatsu Photonics Aquacosmos software.
Electrophysiological recordings were obtained with an Axon Instruments MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, U.S.A.). Signals in the voltageclamp mode were acquired at 5-50 kHz, low-pass Bessel filtered at 2 kHz, and analog-to-digital converted with an Axon Digidata 1440A digitizer (Molecular Devices). Analysis was done offline with the pCLAMP 10 software package (Molecular Devices). The recording and drug application pipettes were made of borosilicate glass (1.5-mm diameter; Sutter Instruments) pulled to 2.5-5.5 MΩ using a Flaming-Brown micropipette puller (P-97; Sutter Instrument Co., Novato, CA, U.S.A.). Whole-cell capacitance and access resistance were evaluated by a À10-mV brief rectangular pulse before the recordings. Electrode and cell capacitance were compensated by MultiClamp 700B amplifier.
Whole-cell perforated patch-clamp recordings were performed on Venus-positive neurons (Fig. S3A ). This was accomplished with amphotericin B (Sigma-Aldrich, 0.45-0.5 mg/mL) dissolved in pipette solution containing (in millimolars): 150 K-methane sulfonate, 10 Hepes, 5 KCl, 1 ethyleneglycoltetraacetic acid (EGTA), and 3 MgCl 2 at pH 7.3 (pH adjusted with KOH). Toxin-containing aCSF, containing picrotoxin (50 lM; Sigma-Aldrich) or 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX; 10 lM), was used where indicated. Recordings of M-type K + currents (I M ) were made in voltage-clamp mode and sampled at 5 kHz; the key parameter was the peak amplitude of tail currents produced by voltage steps from À20 mV to À40, À50, À60, and À70 mV. Access and series resistance of 50-100 MΩ and <15 MΩ, respectively, were deemed to be indicators of a completely perforated patch during brief À10-mV step polarizations, as described previously.
14 I M density was calculated as I M amplitude (pA) divided by each cell's capacitance (pF).
Cell-attached extracellular recordings
Cell-attached extracellular recordings are an excellent way to ensure that the intercellular milieu remains physiological. This is critical, because M-channel function is sensitive to rundown in whole-cell measurements. Recordings were made on Venus-positive neurons (Fig. S3A) . The recording pipette was filled with aCSF or 150 mM NaCl, and tightly (>1 GΩ) attached to the neuronal surface according to Perkins. 22 Spontaneous action potential currents were recorded under voltage-clamp at 0 mV with 20-50-kHz sampling. Frequency and interevent intervals were analyzed throughout 180 s for each cell. Action potential currents induced by GABA A receptor activation were recorded similarly, albeit in the cell-attached configuration using Venus-negative cells, deemed pyramidal neurons. Agonist (10 lM GABA or 50 lM isoguvacine hydrochloride) was dissolved in recording solution and applied focally through a fine-tip pipette set up to envelop the recording site. The timing and pressure of drug administration were controlled by a Narishige IM-32 microinjector at 10-30 kPa.
Whole-cell patch-clamp recordings
Whole-cell patch-clamp recordings for GABA A receptormediated spontaneous GABAergic postsynaptic currents (PSCs) were done on Venus-negative cells. The recording pipette was filled with (in millimolars): 120 Cs-methane sulfonate, 3 MgCl 2 , 0.07 CaCl 2 , 4 EGTA, 10 hydroxyethylpiperazine ethanesulfonic acid (HEPES), 1 Mg-ATP, 4 Na-GTP, and 10 phosphocreatine di(tris), adjusted to pH 7.3 with CsOH; osmolality was adjusted with sucrose. aCSF containing 10 lM CNQX, 50 lM D-(-)-2-amino-5-phosphonopentanoic acid, and 3 lM CGP55845 (all Sigma-Aldrich) was used as the recording solution where indicated. Spontaneous GABAergic PSCs were obtained under voltage-clamp at 0 mV sampled at 20-50 kHz. Amplitude, half-width, decay tau, frequency, and interevent intervals were analyzed from a 60-s recording window for each cell.
Extracellular field potentials
Extracellular field potentials were recorded in the CA1 pyramidal layer, using 2-3-MΩ glass pipettes filled with (in millimolars) 150 NaCl and 10 HEPES, adjusted to pH 7.3 with NaOH. Magnesium-free aCSF contained (in millimolars): 126 NaCl, 26 NaHCO 3 , 10 glucose, 2. 
Statistics
Kcnq2 mRNA expression level, I M density, half-width, decay time constant, and amplitude of spontaneous GABAergic postsynaptic currents (sGPSCs) were statistically analyzed with one-way analysis of variance 
Results
Kcnq2 expression in the neonatal hippocampus We first established the Kcnq2 mRNA developmental expression profile in the neonatal hippocampus of control mice using real-time quantitative RT-PCR. Figure S1 shows that Kcnq2 mRNA levels were low shortly after birth (P1-P3), but increased sharply at P5 and continued to rise until P8. We confirmed these findings at the protein level using immunofluorescent labeling, which showed elevated K v 7.2 protein expression beginning at P5 (Fig. S1B) . At this age, GABA is excitatory to pyramidal neurons, as evidenced by GABA A receptor agonists triggering action potential currents (Fig. S2) . Expression of Kcnq2 mRNA was identical between wild-type and Y284C animals until P8 (Fig. 1A) . Fluorescent staining revealed the presence of K v 7.2 protein in pyramidal neurons and GABAergic interneurons in the CA1 region of the neonatal hippocampus (Fig. 1B) , which demonstrated that K v 7.2 was spatially situated where it could potentially impact the GABAergic system.
Kcnq2-Y284C animals have defective M-channels and hyperexcitable GABAergic interneurons
We next asked whether the Kcnq2-Y284C substitution affected M-channel function in GABAergic interneurons, by recording I M in CA1 hippocampal interneurons (Fig. 2) . Using amphotericin B perforated-patch voltage-clamping, we were able to determine that the I M current density was significantly lower in both heterozygous and homozygous Y284C animals (Fig. 2B) . Voltage-clamped Y284C GABAergic interneurons presented with a markedly elevated action potential current frequency (Fig. 3A,B) . This behavior was reproduced in wild-type interneurons when M-channels were blocked with 10 lM linopirdine (Fig. 3C,  D) . Compromised M-channel function could therefore be the cause of the elevated GABAergic interneuron activity in the mutant animals.
Kcnq2-Y284C enhances GABA release
Because Y284C-mutant GABAergic interneurons were more likely to fire spontaneously (Fig. 4A) , we examined whether the biophysical characteristics of GPSCs were altered as well. Whole-cell voltage-clamped pyramidal neurons showed elevated GPSC frequency in mutant animals (Fig. 4C) . Analysis of mean of wild-type and Y284C-mutant GPSCs showed that peak amplitude (Fig. 4B) , halfwidth (Fig. S4B) , and decay kinetics (Fig. S4C) were unchanged. These findings were comparable with observations following linopirdine blockade of P6-P8 wild-type Mchannels (Fig. 4D-F) . To check whether these changes were related to altered GABA dynamics, we checked for deviations in mRNA expression of GABA-synthesizing enzymes and GABA A receptor subunit genes, but found no supporting evidence (Fig. S5) . Cell counting indicated that the number of GABAergic interneurons was also unaffected (Fig. S6) . Combined, these findings suggest that Y284C enhances presynaptic GABA release onto pyramidal neurons.
GABA A receptor block attenuates ictal-like bursting in chemically challenged mutant brain slices
To investigate whether synaptic GABA contributed to seizure susceptibility in 1-week-old Y284C heterozygotes, we recorded extracellular field potentials in the hippocampal CA1 region. To provide a proconvulsive environment, we removed extracellular Mg 2+23,24 or lowered Ca 2+ . 25, 26 Under control conditions (i.e., standard aCSF), no interictal events were observed during the 60-min recording period (Fig. 5A) . However, when challenged with proconvulsive Mg 2+ -free aCSF, individual action potentials and interictal bursts appeared within 10-20 min (Fig. 5A ). This continued for the 60 min of Mg 2+ absence, with ictal-like burst activity observed in 45% of the slices (five of 11 slices from six animals, Fig. 5B,C) . Addition of the GABA A receptor antagonist BMI to the Mg 2+ -free setup decreased the mean burst duration to 30.4 AE 12.5% (n = 5, p = 0.024, paired ttest; Fig. 5C ), which could be reversed by BMI washout. Analogous experiments with low-Ca 2+ aCSF produced similar (although nonsignificant) results, with BMI lowering the mean burst duration by 25.7 AE 9.8% (four slices from three different animals, p = 0.11, paired t-test; Fig. S8 ). The 
low-Ca
2+ setup also resulted in a unique burst pattern and complete cessation of action potentials following addition of BMI (five of 11 slices from six different animals). The observed attenuation of burst activity by GABA A receptor antagonism clearly implicates GABA in the hyperexcitability of the mutants.
Discussion
The neonatal and adult brain can be considered as two separate organs when it comes to inquiries into the causes of hyperexcitability. This is true not only because there are distinct architectural differences between the immature and the developed brain, but also because there are considerable chemical specializations that are unique to the very young central nervous system. 27, 28 The latter is of special relevance in the context of epilepsy, and it gave rise to the central question in the work presented here, which examined whether early changes in brain chemistry play a role in two related but clinically separate seizure disorders. BFNE and EIEE7 are caused by variations in the same gene, KCNQ2, but they are discrete in terms of presentation and severity. Both disorders are categorized as early onset, which prompted us to ask whether the unique sensitivity to GABA in this developmental stage was involved. In this report, we provide electrophysiological evidence for abnormal GABAergic neurotransmission in the mouse model of BFNE expressing Kcnq2-Y284C.
14 Five pieces of evidence led us to conclude that dysfunction of K v 7.2 and the Mchannel, and abnormal presynaptic GABA release, contribute to neonatal hyperexcitability. First, K v 7.2 is expressed in GABAergic interneurons (Figs. 1 and S1 ). Second, Y284C compromises K v 7.2 function, weakening the repolarizing effect of the I M (Fig. 2) . Third, GABAergic interneuron excitability rises as the silencing effect of the I M is removed; this effect can be mimicked by M-channel blockade (Fig. 3) . Fourth, presynaptic GABA release increases (Fig. 4) without a noticeable change in expression of GABAergic enzymes or GABA A receptor subunits (Fig. 4) or the GABAergic interneuron count (Fig. S5) . Fifth, spontaneous bursts during proconvulsive conditions can be controlled by GABA A receptor block (Fig. 5) .
To our knowledge, our data are the first to suggest involvement of excitatory GABA in BFNE. However, the idea of GABA mediating part of the hyperactivity in the developing brain has been entertained before, 29 and this idea is consistent with the thought that the glutamatergic synapse density in immature neuronal networks is simply not high enough to support epileptogenesis. 30 Altered K V 7.2 function may be the hinge connecting pyramidal and GABAergic influences in neonatal epilepsy.
Consistent with the findings of others, 31 our data identify Kcnq2 mRNA and K V 7.2 protein in the murine hippocampus shortly after birth, with expression levels continuously rising up to P7 (Fig. S1 ). In humans, KCNQ2 expression has been seen as early as 22-24 weeks into gestation. 32 The Y284C variant does not influence K V 7.2 membrane expression, 33 and it does not have catastrophic consequences, in that the M-channel is still functional. 11, 34 Instead, it appears that Y284C attenuates I M by approximately 50-60%, similar to but not as complete as the actions of linopirdine (Fig. 3) . Does M-channel dysfunction, then, lead to increased GABAergic interneuron firing (Fig. 3) and, consequently, elevated GABA release (Fig. 4) ? Presynaptic M-channels influence GABA release, particularly in neonates, 1 week after birth. 35 Based on our data, we conclude that the increase in GABAergic postsynaptic current frequency is the result of elevated presynaptic GABA release, because other current parameters with plausible causes (e.g., GPSC amplitude, half-width, and decay) were unaffected by Y284C and pharmacological modulation (Fig. 4) . Moreover, GABA A receptor mRNA expression (Fig. S5 ) and the number of GABAergic neurons themselves (Fig. S6) were normal. Combined, these data suggest that presynaptic M-channel dysfunction altered GABA release. By extension, we reason that Kcnq2 mutation alters Mchannel function to elevate GABAergic interneuron activity, which increases GABA release onto pyramidal neurons in the neonatal CA1 region of the hippocampus. Considering that GABA exerts excitatory action at the age in question (Fig. S2) , this scenario constitutes a plausible explanation for neonatal hyperexcitability. Recent work by Miceli et al. reporting gain of function after KCNQ2 mutation in humans 36 does not contradict what we propose. Both suggested pathomechanisms can coexist, because not all GABA networks in the neonatal brain exhibit excitatory characteristics. In the hippocampal CA3 region, for example, pyramidal neurons are already inhibited by GABA at P4-7. 37 Increased M-channel function of GABAergic interneurons in that area would result in disinhibition of principal neurons, and, consequently, hyperexcitability.
To test our hypothesis of GABAergic involvement, we chemically challenged hetero-mutant hippocampal CA1 brain slices by changing the extracellular divalent ion concentration (Fig. 5) . Using extracellular field potential recording, we were able to trigger ictal-like activity in the pyramidal layer, which did not occur in slices expressing wild-type Kcnq2 that were similarly treated. The burst probability was low, at 45% and 40% of those observed in the Mg 2+ -deprived and low-Ca 2+ slices, respectively. This result is in keeping with work on rats, where epileptiform bursting at P7 was rare when Mg 2+ was removed under Mchannel blockade 31 ; organotypic slices with better network connectivity may show even stronger enhanced neuronal excitability. 38 Antagonizing GABA A receptors via bicuculline clearly reduced the burst duration in the Mg 2+ challenge (Fig. 5C) , which strongly supports a GABAergic contribution to the hyperexcitability of the mutants. The number of bursts in ictal-like activity induced by Mg 2+ absence was reduced (without significance) by BMI, which could be reversed by washout (data not shown). The finding that bicuculline was less effective in the low-Ca 2+ challenge (Fig. S8 ) likely relates to extracellular Ca 2+ , more precisely its presynaptic influx, regulating neurotransmitter release. 39, 40 Unlike others who found proportional I M attenuation in oocyte experiments, 12 we observed only one level of I M reduction in heterozygous and homozygous mutants, which supports a dominant-negative effect. Addition of 20 lM of linopirdine blocked I M in our experiments almost completely. Also, we noted that the I M density in homozygousmutant Kcnq2 was 58% of that seen in wild-type animals, whereas that of heterozygous animals was 66% at À40 mV; a similar pattern, with heterozygous mutant animals more closely resembling homozygous mutant animals, also applied to the effects of the mutation on neuronal excitability and on GABAergic postsynaptic currents (Figs. 3 and   4 ). However, homozygous mutant animals showed a more severe phenotype than heterozygotes, in that the mothers did not attend to their litters, and homozygous pups also suffered from sudden death; these data suggested that the mutation has a partial dominant-negative effect on wild-type currents, and that the small current difference between heterozygous and homozygous mutant animals has important behavioral consequences.
In summary, our data show that, in Kcnq2 mutant slices, burst activity was modulated by GABA A receptor blockade. Combined with our observations of attenuated I M , increased interneuronal GABA release, and elevated excitatory input onto principal neurons (not inhibition, Fig. S2 ), we deduce that excitatory GABA plays a central role in Y284Q mutant animals, and likely also in humans where the analogous amino acid exchange triggers BFNE.
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